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We examine the single-photon processes in the frame work of supersymmetric models at 
future e+e — linear colliders. According to the recent experimental achievement, the op- 
timistic polarization degrees for both electron and positron beams are taken into account 
to enhance the signal-to-noise ratio revealing the observable difference between super- 
symmetry breaking models. The minimal supergravity model and the minimal SU (5) 
grand unified model in gaugino mediation have been examined as examples. We see that 
after several years of accummulating data, the difference of the number of single-photon 
events between the two models received from the collider would be in excess of three 
times the statistical error, providing us the possibility to probe which model would be 
realized in nature. The result is well suitable for the future running of the International 
Linear Collider. 
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1. Introduction 

Supersymmetry (SUSY) has been attracting lots of interests since it gives us a solu- 
tion to the gauge hierarchy problem in the standard model (SM). Furthermore, the 
simplest supersymmetric extension of the SM, the minimal supersymmetric stan- 
dard model (MSSM), predicts a natural unification of gauge couplings at the scale 
Mq — 2 x 10 16 GeV providing a hint about a grand unification theory (GUT). In 
SUSY models, there exists a supersymmetric partner corresponding to each SM par- 
ticle. However, if SUSY is an exact symmetry, it predicts the same masses for the SM 
particles and their superpartners which have never been observed. So SUSY must 
be broken in such a way that preserves the property of quadratic divergence cancel- 
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lation. To do so, the soft SUSY breaking terms were introduced in the Lagrangian 
which include gaugino masses, sfermion masses and trilinear coupling constants. 

Experimental data shows an important feature that nature is almost flavour 
independent and CP invariant. These requirements severely restrict the allowed 
values of soft parameters in such a way that they insert only tiny flavour changing 
neutral currents (FCNCs) and small CP phases. To understand the origin of the 
soft terms, many SUSY breaking models have been proposed using the technique of 
spontaneous symmetry breakdown. The common idea of those models is separating 
the field content of the model into two different sectors. The visible sector contains 
the MSSM chiral supermultiplets and the hidden one contains the SUSY breaking 
source. The difference between models lies on the mechanism used to communicate 
one sector to an other. To avoid the FCNC problem, the interaction between the 
two sectors needs to be flavour-blind. Different mediation scenarios lead to different 
boundary conditions at the extremely high energy scale. Then they in turn result 
in different mass spectra at low energies giving distinctive signals at colliders. Pre- 
viously, the mass spectrum has been used as a probe for SUSY models and seesaw 
mechanisms PJ213j Here we consider two typical SUSY breaking models as examples: 
the minimal supergravity model (mSUGRA) and the minimal SU (5) grand unified 
model in gaugino mediation (GinoSU5).SH22l In these models, the FCNCs are sup- 
pressed by the flavour independent interaction mediating between the two sectors, 
namely, the gravitational interaction in the mSUGRA and the gauge interaction in 
the GinoSU5. 

In this paper, we study the collider phenomenology of the above models regard- 
ing to the single-photon processes at future e + e~ colliders, especially the Interna- 
tional Linear Collider (ILC). The single-photon process is one of the simplest chan- 
nels in which only one photon goes out of the interaction point, giving the visible 
energy, and all other particles contribute to the missing energy. Assuming the R- 
parity conservation, the lightest supersymmetric particle (LSP), which is neutralino 
in usual SUSY models, is a stable and weakly interacting one. So the invisible final 
products of the single-photon events are the neutrinos and the lightest neutralino. 
The single-photon events have been explored in detail to search for new physics 
at the PEP (Position Electron Project) and PETRA (Positron Elektron Tandem 
Ring Anlage) experiments, the TRISTAN (Transposable Ring Intersecting Storage 
Accelerator in Nippon) experiment, the Large Electron Positron (LEP) Collider 
and also in the preparation for the incoming ILCpSHSSl The lower limits of the 
sparticle masses established by experiments tell that the sparticles must be heavier 
than their SM partners. It follows that the SUSY signal would be small compared 
to the SM background since the masses of intermediate sparticles appear in the 
denominators of their propagator and the integrating region in the phase space is 
narrower. Hence, the difference between the SUSY signals of models is even much 
smaller compared to the background. Thanks to the high center of mass energy and 
luminosity, the clean environment and the well-defined initial states of future e + e~ 
colliders, like the ILC, the measurement accuracies there become very high. With 
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all of these advantages, we investigate here the possibility to discriminate SUSY 
breaking models and point out that this type of data can be used to build up an 
independent constraint on the parameter space. 

Starting from the given benchmark points of the parameter spaces which produce 
a common base for the two models and satisfy various phenomenological constraints, 
we present a systematic approach to the single-photon signal in the ILC at the 
center of mass energy y/s = 1 TeV, which can be used for the arbitrary polarization 
degrees of both the electron and positron beams. With the recent achievement in 
producing polarized beams (see Refs. [54"II55f . given an expected value of luminosity 
L = 1000 fb _1 /year, we estimate how long it would take to accumulate data such 
that the difference between the numbers of evens of the two models is large enough to 
test the models. This paper is organized as follows: in Section 2, we review the basic 
ideas of the mSUGRA and GinoSU5 models together with their input parameters at 
the high energy scale. In Section 3, we present the calculation method and analyse 
how to suppress the SM background. Section 4 is devoted for the numerical results. 
Finally, we conclude and give some discussions in Section 5. 

2. Basis of selected models 

The mSUGRA model actually bases on the idea of gravity mediated SUSY breaking 
in which the hidden sector connects with the MSSM sector through the gravitational 
interaction!SHlH In this scenario, the supergravity multiplet acts as a messenger to 
carry the SUSY breaking from the source to the visible sector resulting in the soft 
SUSY breaking terms of the effective Lagrangian. Inspired by the grand unifica- 
tion at the GUT scale Mq, the universalities of gaugino masses, scalar soft masses 
and trilinear couplings at Mq are assumed in this model. So the number of free 
parameters here reduces to only four plus a sign making the model very predictive: 

mi/2, to , A , tan/3, sign(/i), (1) 

which are the common gaugino mass, the scalar soft mass and the trilinear coupling 
at Mq, the ratio of the vacuum expectation values of the two Higgs doublets, and 
the sign of the supersymmetric Higgs mass respectively. 

Beside the gravity mediation, one can use an other flavour-blind interaction such 
as the gauge interaction to mediate between the two sectors. The Gi noSU5 model 
considered here bases on the gaugino mediated SUSY breaking scenario Q2HS1 l n this 
scenario, the 5-dimensional space-time setup is introduced to separate the SUSY 
breaking source and the MSSM matter fields. These two sectors reside in two (3+1)- 
branes locating at different fixed points of the fifth dimension which is compactified 
on a S 1 /Z% orbifold. The gauge supermultiplets live in the bulk and so directly 
couple to the fields in both branes, giving masses for gauginos at the tree level. 
Since there is no direct contact between the MSSM matter fields and the SUSY 
breaking source, the scalar soft masses and trilinear couplings are suppressed at the 
compactification scale M c . At the low energy region, they are generated from the 
renormalization group (RG) evolution. 
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In order to obtain the neutralino-LSP in the gaugino mediation scenario, the 
compactification scale should be higher than t he GUT scale leading to the necessity 
of embedding our theory into a SUSY GUTpELZEEBl In our study, the SU(5) is 
chosen to be the grand unified gauge group. The particle content of the minimal 
SU(5) GUT model is organized as follows: Df and L; realize the 5j representation, 
while Qi, Uf and Ef realize the 10^ representation. The 5h and 5h contain the two 
Higgs doublets needed to break the electroweak symmetry. The other Higgs fields 
necessary for the gr and unification breaking realize the 24# representation of the 
SU(5) group M^™™ In the GinoSU5 model, the number of free parameters is only 
three plus a sign: 

mi/2, M c , tan/9, sign(^), (2) 

where m 1( / 2 is still the common gaugino mass at the GUT scale and M c is the 
compactification scale. 

3. Calculation method and analysis 

When comparing the two models, we need to fix a common base for them. Since 
the final products of the single-photon processes include only one photon and the 
missing energy carried by the neutrinos and/or the lightest neutralino, we intuitively 
choose the lightest neutralino mass as a common base for the two models. The mass 
of the lightest neutralino mostly originates from the U(l) gaugino mass, so by using 
the same input parameter for gaugino mass at Mq our two models will have the 
same neutralino-LSP mass. 

In our analysis, we always choose sign(^) = +1 and consider the following 
benchmark points in the parameter space: 

m 1/2 = 400 GeV, m = 100 GeV, A = 100 GeV, tan/3 = 10 (3) 

for the mSUGRA model, and 

m 1/2 = 400 GeV, M c = 10 18 GeV, tan/? = 10 (4) 

for the GinoSU5 model. 

To generate the mass spectrum, in the case of the mSUGRA model, we input 
the universal gaugino mass, the scalar soft mass and the trilinear coupling at Mq, 
then solve the 1-loop MSSM RG equations (Ref. [56]) from the GUT scale to the 
electroweak scale. In the case of the GinoSU5 model, after solving the RG equations 
of the SU (5) SUSY GUT model from the compactification scale to the GUT scale, 
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Fig. 1. Soft mass RG evolutions of the first generation in the mSUGRA model and the GinoSU5 
model with the input parameter choices as in the text. In each plot, from bottom to top, the lines 
correspond to mg c , , iwg , mjj c and tUq respectively. 



the values of the soft terms are determined at M G as 
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where a is the GUT gauge coupling and 
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(9) 



Subsequently, we solve the MSSM RG equations from the GUT scale to the elec- 
troweak scale with the soft term inputs at M G . The RG evolutions of the two models 
for the soft masses of the first generation are demonstrated in Fig. [T] We can see 
that due to the running effect above the GUT scale the soft masses in the GinoSU5 
model are heavier than those in the mSUGRA model, especially in the slepton 
sector. In both cases, after getting the solutions of the RG equations for the soft 
SUSY breaking terms, the mass spectra and the mixing angles of the two models 
are determined from the low energy values of such terms and the experimental data 
of the SM particles. 

With these above choices of input parameters, the two models satisfy the con- 
straint on the Higgs mass lower bound from the LEP 2 dataP^ 



m h > H4.4 GeV. 



(10) 
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Using the micrOMEGAs 2.4 package (Refs. [551 EH EUJ), we have checked that the 
other phenomenological constraints on the branching ratios of b — ¥ S7, B s — » u + a~ 
and the muon anomalous magnetic moment Aa M = — 2 are also 

satisnedJ§2£2l63| 

2.85 x 1CT 4 < BR(b ->■ s + 7) < 4.24 x 1CT 4 (2a), (11) 
BR(B S fi+n-) < 5.8 x 1CT 8 , (12) 
3.4 x 1(T 10 < Aa M < 55.6 x 1CT 10 (3a). (13) 

Next, the generated mass spectra and the mixing angles are integrated into 
GRACE/SUSY v2.2.1 in a compatible way.^l This package is employed to calcu- 
late the cross-sections and the decay widths relevant to our study at the tree level. 
For a given process, it automatically generates all the possible Feyman diagrams, 
then produces a FORTRAN source code suitable for further calculation. The nu- 
merical integration is performed by the program BASES using the Monte Carlo 
method. In the output of this step, we obtain the total cross-section together with 
the differential cross-sections of the process. 

Regarding to the single-photon signal, we consider both the SUSY signal and 
SM background processes. Since only the photon is detectable, the missing energy 
must be deposited in stable, neutral and weakly interacting particles which in the 
MSSM are usually the neutrinos and the lightest neutralino. Here, we limit our 
study to an approximation in which the most significant SUSY contributions to the 
single-photon signal emerge from the following processes: 

e + + e- ^7 + Xi+X?, (14) 
e + + e~ — > 7 + i>i + Of, l = e,fi,T. (15) 

Since i>\ and v* are not stable, they will quickly decay into lighter particles via the 
visible channels: 

ui^l-+xf, v?^l + + xl, (16) 
I = e, /1, r. 

and the invisible decay channels: 

i>i^n + xl "i^vi + xi, (17) 

I = e,fi, t. 

The particles of the visible decay channels leave their tracks in the detector, so only 
the invisible decay channels account for the single-photon signal. 

In general, the signal of new physics often has to face the corresponding huge 
background from the SM. In our case, the background processes for the single- 
photon signal are: 

e+ + e _ ^7 + ^ + ^, l = e,fi,T. (18) 



To extract the important information from the signal at a high confidence level, 
it is necessary to reduce the background, and hence enhancing the signal-to-noise 
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ratio. We note that the neutrinos in the SM are left-handed particles. So the t- 
and u-channels of Eq. (|18|) with the W-boson exchange are suppressed by using 
the right-handed electron beam. In future linear colliders, it is possible to use both 
polarized initial beams enabling us to suppress the background even more. The 
cross-section of the scattering process involving both the partially polarized initial 
beams can be determined as follows: 

a(e+e-) = (1 - p+)(l - p~)<T LL + (1 - p+)p-<r LR 

- P~)<TRL + P + P~&RR, 

where p + , p~ are the right-handed polarization degrees of the positron and elec- 
tron beams, <jll, &lr, <?rl and ana are the cross-sections of the fully polarized 
incoming beams eje£, e£e^, e^e^, and ejje^ respectively. According to the recent 
achievement in producing polarized electron and positron beams (Rcfs. 54, 55), in 
our calculation, we assume the 80% left-handed positron beam and the 90% right- 
handed electron beam at the future e + e~ collision which will be shown in the next 
section to be the best choice of polarization combination. 

It is also essential to note that the region around the Z-resonance peak of the 
photon energy distribution of the background cross-section contributes much to the 
total cross-section. For the collision with y/s — 1 TeV, the center of this peak is at 
the value of photon energy: 

, z) = s_m| ^ 4g6 QeV ^ (2Q) 
2y s 

Besides, the photon trigger only triggers events when the energy amount in the 
calorimeter goes beyond a certain threshold. So in our consideration, we apply the 
following cuts on the photon energy: 

10 GeV < E 7 < 400 GeV (21) 

to cut away the large contribution due to the Z on-shell exchange region via the 
s-channel, while the SUSY signal is still almost the same because there is no Z- 
resonance in the photon energy distribution of the signal cross-section in the sce- 
narios with m^o, rriv, > mz/2. The minimum energy cut helps to regularize the 
infrared divergences of the tree level cross-sections. 

Another point is that, because of the beam pipe, the detectors cannot cover the 
whole polar angle leading to some missing amount of single-photon events. This fact 
is taken into account by using the cuts on the photon polar angle: 

10° < 7 < 170°. (22) 

The collinear divergences are also regularized thanks to these cuts. 

In this paper, the luminosity L = 1000 fb _1 /year is expected at the future e + e~ 
collision and we estimate how long it will take to see the signal difference between 
the two models exceeding three times the statistical error. To show how significant 
the signal is, beside the signal-to-noise ratio: 

(23) 
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we also calculate the statistical significance denned as: 

Ns 



(24) 

ViVs + N B 

where Ns and Nb are respectively the numbers of events for the signal and back- 
ground processes after a given duration of data accumulation. 



4. Results 

Figure [5] shows the photon energy distributions of the cross-sections corresponding 
to all the possible polarization combinations of the initial positron and electron 
beams. The cross-sections with e\e^ (Fig. [2^) and e^e^ (Fig. [2J1) are extremely 
suppressed by the beam polarization. We only see the remaining peaks due to 
the heavier CP-even Higgs and CP-odd Higgs resonance exchanges through the 
s-channel. In Figs.[2jD and[2fc, we see that the most important contributions to these 
distributions come from the low photon energy region. Similar to Fig. [51 in Fig. 
[3] the photon polar angle distributions of the cross-sections for all the polarization 
combinations of the incoming beams are plotted. From this figure, it is obvious that 
the distributions are dominated by the events with their photons going close to the 
beam line direction. The forward-backward asymmetry relevant to the background 
processes is observed in Figs.|3k and|3Ji, while such asymmetry is not clear in Figs. 
[3b and [3b. 

The cross-sections of the background and signal processes relevant to the single- 
photon events corresponding to all the polarization combinations are summarized in 
Table [TJ Here the decay widths and the branching ratios of the visible and invisible 
decay channels of the scalar neutrinos are also presented. Due to the extremely small 
cross-sections, the interactions between e\ and ej jl and are negligible. The 
remaining important polarization combinations are eje^ and e^e^. In the e~^e~[ 
collision, the SM background is about three orders of magnitude larger than the 
SUSY signal giving a very small signal-to-noise ratio. While in the eje^ collision, 
the background is suppressed such that it is even smaller than the signal providing 
the ability to discriminate between the SUSY models. 

Since in practice, it is impossible to produce purely polarized beams, we assume 
in the future running of the ILC the 80% left-handed positron beam and the 90% 
right-handed electron beam which have been recently achieved. The differential 
cross-sections with respect to the photon's energy and polar angle in the collision of 
the above partly polarized beams are plotted in Fig. [4] Using Eq. (Q~9|) , we obtain the 
following results: the background cross-section is 0.276 pb, the signal cross-sections 
of the mSUGA and GinoSU5 models are 0.045 pb and 0.035 pb respectively. The 
mSUGRA signal is larger than the GinoSU5 one because the slepton masses in the 
former model are lighter than those in the latter one. As the consequence, the signal- 
to-noise ratios for the two models are: -RmSUGRA = 16.3% and i?GinoSU5 = 12.7%. 
With the luminosity L — 1000 fb _1 /year, we find that it requires at least three years 
of data accumulating to clearly see the difference between the two models, namely 
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Fig. 2. Photon energy distributions of the single-photon cross-sections for all the possible polar- 
ization combinations: (a) eje£, (b) eje^, (c) e^e£ and (d) e^e^- While the solid (green) lines 
indicate the SM background distributions, the dot-dashed (red) and dotted (blue) lines correspond 
to the sum of both signal and background distributions in the mSUGRA and GinoSU5 models. 



the signal difference would exceed three times the statistical error. After three years 
of running, the expected numbers of events for the background and signal processes 
of the two models are respectively: N B = 8277, N^ SVGRA = 1352, N^ inoSV5 = 
1054. Hence the statistical significances are: SmsuGRA = 13.8, SGinoSUS = 10-9. 
These results give us the possibility to probe the SUSY breaking models using the 
single-photon events at future e + e~ linear colliders, especially the ILC. 



5. Summary and discussions 

We have considered in this paper the single-photon signal in future e + e~ linear 
colliders and found that it is possible to probe SUSY breaking models using this 
kind of signal. The mSUGRA and GinoSU5 models have been taken into account as 
examples. Starting from the given benchmark points of the free parameter spaces of 
the two models which produce a common neutralino-LSP mass and satisfy various 
phenomenological constraints, we then obtained the mass spectra and the mixing 
angles by solving the RG equations. Subsequently, the cross-sections of the single- 
photon processes were computed. After three years of data accumulation, the differ- 
ence between the two models would be large enough to see which one is realized in 
nature. These results also tell us that the single-photon data collected from future 
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Fig. 3. cos(# 7 ) distributions of the single-photon cross-sections for all the possible polarization 
combinations: (a) e£e£, (b) eje^, (c) and (d) e^e^. The line conventions in the caption 

of Fig. [2] are still used in this figure. 
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Fig. 4. Distributions of cross-sections in the case of 80% left-handed e+ beam and 90% right- 
handed e~ beam with respect to: (a) photon energy, and (b) photon polar angle. The line conven- 
tions in the caption of Fig. [2] are still used in this figure. 



e + e~ colliders can be used to build up an independent constraint on SUSY breaking 
models. 

It has been previously proofed that the full one-loop electroweak radiative cor- 
rections to the single-photon background processes in the e + e~ collision at ^/s = 1 
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TeV is about 1% of the tree- level cross-sectionP^ This amount is negligible in our 
analysis since it adds only a tiny part to the statistical error. After assuming a com- 
mon base and constraints for the SUSY breaking models, the difference between 
mass spectra is not so large, namely the sparticle masses of the same type are of the 
same order. Thus the SUSY loop-corrections would enter almost the same amounts 
to the cross-sections at the Born approximation in the two scenarios. It follows that 
the signal difference between the two models does not change significantly, while 
only the extra number of events of one model from the other is crucial to distinguish 
between models. 

Since we are dealing with the single-photon events at e + e~ colliders, the dom- 
inant contributions to the SUSY signal difference come from the neutralino and 
slepton sectors (the Higgs sector does not give important contributions to signal 
due to the small Yukawa couplings of the first generation) . If we take into account 
the cosmological constraint on the dark matter relic density, the mass difference 
between the two models will be very small because of the neutralino-stau coanni- 
hilation condition. The expected mass difference can be found in the right-handed 
down-type squark and left-handed slepton sectors. Therefore, in this case, it requires 
extremely high polarization degrees to suppress the background more, longer time of 
data accumulation to discriminate between SUSY breaking models using this kind 
of events. Our analysis still holds in the frame work of non-standard cosmology 
where the dark matter constraint can be relaxed.^H^ 
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Table 1. Signal and background of single-photon processes for all possible polarization combinations. Cross-sections are in pb, and 
decay widths are in GeV. Bold numbers are the total cross-sections of background or signal processes. "NO" in some decay channels 
indicate that they are kinematically forbidden. 



Polarization 
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L 
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L 
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R 
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Branching ratio 


Background 
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V T 

total 


6.4335 x 10" 12 
4.2671 x lCT 15 
4.2671 x lCT 15 
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production 
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decay 


invisible channel 
visible channel 


1.6298 x 10~ UU1 
NO 


1.0000 
0.0000 


total 


3.5318 X 10~ iu 


6.0665 X 10 ^ 


6.9670 X 10 -■* 


3.5313 X 10" 1U 




GinoSU5 


X? 


3.8862 x lO" 10 
3.2740 x 10~ 12 


4.5698 x 10~ 2 
5.6117 x 10~ 4 


1.9769 x 10~ 3 
4.9549 x 10~ 2 


3.8868 x lO -10 
3.2728 x 10~ 12 






production 


decay 


invisible channel 
visible channel 


2.3542 x 10" 1 
6.8520 x 10~ 3 


9.7172 x 10" 1 
2.8282 x 10~ 2 




production 


1.2439 x 10~ i4 | 5.6117 x 10~ 4 | 8.2387 x 10~ 4 | 1.2450 x 10~ 14 




decay 


invisible channel 
visible channel 


2.3542 x 10 _i 
6.8509 x 10" 3 


9.7172 x 10 _i 
2.8278 x 10" 2 


v T 


production 


1.2594 x 10~ 14 | 5.6705 x 10~ 4 | 8.3251 x 10~ 4 | 1.2605 x 10~ 14 




decay 


invisible channel 
visible channel 


2.3353 x 10" 1 
4.9969 x 10" 3 


9.7905 x 10" 1 
2.0949 x 10~ 2 


total 


3.9183 X 10~ lu |4.7344 X 10^|5.1740 X 10 ^|3. 9189 x 10 lu 
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